The stationarity of OECD real exchange rates over the period 1972-2008 is tested using a panel of twenty six member countries. The methodology followed stems from the need to meet several key concerns: (i) the identification of which panel members are stationary; (ii) the presence of cross-sectional dependence among the countries in the panel; and (iii) the identification of potential structural breaks that might have occurred at different points in time. To address these concerns, we employ a recent test that examines the time series properties of the data within a panel framework, namely the Hadri and Rao (2008) panel stationarity test. The real exchange rates of the twenty six OECD countries are found to be stationary when considered as a panel, but only after allowing for endogenously-determined structural breaks and cross section dependence. We also find that once these structural breaks are removed from the underlying series, the half-life of shocks to the real exchange rate is much shorter than has been calculated in earlier studies.
Introduction
Domingo de Báñez, a Spanish theologian, was probably unaware of the long-lasting impact that his statement in 1594 would have on the economic literature: "one party may lawfully agree to repay a large sum to another, corresponding to the amount required to buy the same parcel of goods that the latter might have bought it if he had not delivered his money in exchange".
1 This statement represents the origins of the Purchasing Power Parity (PPP) hypothesis that holds that prices in different countries should move towards equality when measured in common currency terms. This is of interest for both policy makers and economists. On the one hand, PPP becomes a prediction model for exchange rates and a criterion for judging the over-and undervaluation of currencies and, on the other hand, exchange rate determination models employ some notion of PPP in their construction.
Therefore, the quality of policy advice, insofar as it is based on these models, may depend on the validity of PPP.
For many EU countries, the combination of the move towards a common currency, along with explicit inflation convergence targets as specified in the Maastricht treaty, provides an ideal case study with which to test for long-run PPP. While PPP is one of the most widely tested economic hypotheses, the verdict with regard to its validity remains open.
2 Early studies such as Balassa (1964) , Dornbusch (1980) and Frenkel (1981) find no evidence supporting PPP, while Hakkio (1984) finds in favor. More recently, mixed evidence on the PPP relationship is provided by studies such as Johnson (1990) , MacDonald (1993) , Pedroni (2001) , Taylor (2002) and Ceglowski (2003) .
While unit root testing of the real exchange rate has become a commonly used methodological approach adopted by the literature, it is well known that unit root tests 1 See also Sarno and Taylor (2002) . 2 See, for example, Sarno and Taylor (2002) and Sarno (2005) .
applied to single series suffer from low power. In an attempt to overcome this deficiency, the more recent PPP literature has considered two main approaches. One strand of the literature uses data spanning over very long periods of time, as in, inter alia, Lothian and Taylor (1996) and Hegwood and Papell (1998) while the other considers the application of panel unit root techniques, as in, inter alia, Wu (1996) and O'Connell (1998) . In this paper we follow the latter approach since panel data offer a way forward in terms of enhanced test power, as they combine both the time-series dimension with the cross-sectional dimension such that fewer time observations are required for these tests to have power. More specifically, we investigate real exchange rate stationarity and long-run PPP for a panel comprising twenty six OECD members.
In our study, we address three problems that potentially can undermine the validity of any conclusions drawn concerning long-run PPP. These are the inability to determine which panel members are stationary, the existence of potential cross sectional dependencies between panel members and the presence of structural breaks. Our methodology is based on the application of the Hadri and Rao (2008) panel stationarity test which allows for structural breaks, and addresses cross sectional dependencies through a bootstrap procedure.
The most commonly used unit root tests applied to panels include Maddala and Wu (MW) (1999), Levin et al. (2002) , Im, Pesaran and Shin (2003) Recent panel data studies of OECD real exchange rates include Wu (1996 ), Papell and Theodoridis (1998 ), Luintel (2001 , Koedijk et al. (2004) , Harris et al. (2005) , Im et al. (2005) , Papell (2006) , López and Papell (2007) , Narayan (2008) and López (2008) . These studies utilize a range of panel unit root tests and find evidence in favour of stationarity.
While many of these investigations address cross-sectional dependency or structural breaks in the data, the question still remains as to which and how many of the individual panel members are responsible for rejecting the joint non-stationary null leading to the conclusion that long-run PPP holds. In sharp contrast to most of the existing literature on PPP, we examine the stationarity of OECD real exchange rates using the Hadri (2000) 
In a recent paper, Hadri and Rao (2008) extend the Hadri stationarity tests to allow for the presence of a structural break. In particular, these authors consider the following four different types of models of structural break under the null hypothesis of stationarity (where it should be mentioned that the model labels used in this paper are not the same used by Hadri and Rao):
Model 6: ,
where, in addition to the terms already defined, the variables it D and it DT are dummy variables that help characterize the type of structural break in the models. These dummy variables are given by:
, if , 0, otherwise incorporates an intercept and a linear trend and permits a change in both the level and the slope of the series.
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At this point, it is worth highlighting that the models postulated above permit us to test different versions of the PPP hypothesis. Model 1 tests the traditional version of PPP, according to which the real exchange rate is a stationary variable around a constant mean.
Model 2 allows for a trend stationary real exchange rate under the null hypothesis. The inclusion of a time trend may, for example, enable an assessment of whether breakdowns in PPP are due to changes in productivity differentials. By contrast, the remaining models allow us to test what Hegwood and Papell (1998) refer to as quasi PPP according to which the real exchange rate revert to a changing mean. These different structural change possibilities are captured in Models 3 to 6 where we also allow for a changing trend.
Throughout the period under investigation, numerous economic and political factors might have shifted only the mean (Models 3 and 4), only the slope of the series (Model 5) or both (Model 6). In a similar spirit, Hegwood and Papell (1998) analyze real exchange rate for a two century study period and discuss the importance of structural change in terms of a range of events that include changes in exchange rate regime, oil price shocks, changes in government, the Great Depression and so on. These types of events have the potential to impact on the equilibrium value of the real exchange rate. What is clear is that a longer study period makes the possibility of structural change more likely.
Hadri and Rao (2008) (1) to (6) 
where it S is the partial sum process of the residuals given by 
where the lag length of the autoregression can be determined for example using the Schwarz Information Criterion (SIC) or the General-To-Specific (GETS) algorithm proposed by Hall (1994) . Then, the long-run variance estimate of (7) that is obtained using a quadratic spectral window Heteroscedastic and Autocorrelation Consistent (HAC) estimator.
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The Hadri and Rao (2008) 
After a suitable standardization, using appropriate moments, it can be shown that the statistic given in the previous equation follows a standard normal limiting distribution.
More formally:
,1 , A critical assumption underlying the Hadri and Rao (2008) test is that of cross section independence among the individual time series in the panel. 6 To allow for the presence of cross-sectional dependency, Hadri and Rao recommend implementing an autoregressive (AR) bootstrap, which we outline below for the reader's convenience. First, we correct for serial correlation using the AR model for the residuals given in (7), and obtain ˆi t υ which is centered around zero. Second, following Maddala and Wu (1999) , the residuals ˆi t υ are re-sampled with replacement with the cross-section index fixed, so that their cross-correlation structure is preserved; the resulting bootstrap innovation ˆi t υ is denoted * it υ . Third, * it ε is generated recursively using the mechanism:
.. y . The results later presented and discussed in the paper are based on 2,000 bootstrap replications used to derive the empirical distribution of the LM statistic.
Data and empirical analysis
The data set, obtained from the OECD Main Economic Indicators database, consists of 146 quarterly observations on the trade weighted multilateral real exchange rate for twenty six OECD members. This sample includes twelve EU countries that have so far adopted the This approach is in contrast to most studies in the PPP literature that employ bilateral real exchange rates against a base country. While it could be argued that this implies our findings may not be directly comparable to existing results, the use of multilateral rates are very useful from an economic policy standpoint given that the real exchange rate is a measure of international competitiveness and, more often than not, countries have more than one significant trading partner. A second data issue associated with the use of multilateral rates is that cross sectional dependence might be introduced in the analysis thereby requiring a careful econometric handling; see for example O'Connell (1998) . In line with the earlier discussion, the issue of cross section dependence can be accounted for by means of the outlined bootstrap method in the previous section. In order to correct for possible serial correlation, the autoregressive processes in (7) are estimated for up to p = 12 lags where the optimal number of lags chosen is based on the SIC and GETS algorithm. This algorithm involves testing whether the last autoregressive coefficient is statistically different from zero (say, at the 10% significance level). If it is insignificant, the order of the autoregression then is reduced by one until the last coefficient is statistically significant. As to be expected, the SIC mostly favors a more parsimonious specification than that obtained from applying the GETS algorithm. The results based on the SIC see the null hypothesis of stationarity rejected at the 10% significance level for four countries, for four more countries rejection is at the 5% significance level, and for eight additional countries rejection is at the 1% level. There are ten countries for which we fail to reject the null hypothesis of stationarity, thus supporting the view that PPP holds for less than half the sample. A similar picture emerges when inspecting the results based on GETS lag length selection, thereby not providing a clear indication in favor of PPP. Overall, the data provide only weak support for stationarity using the traditional version of PPP with a constant only.
We now consider the application of the Hadri panel stationarity test to the real exchange rate series. Table 2 clearly rejected (at the 1% significance level) independently of the country groupings considered.
However, failure to account for potential cross section dependence will result in severe size distortion of the Hadri test statistics. We therefore apply an AR-based bootstrap to the Hadri tests as outlined in the previous section, with the aim of correcting not only for serial correlation but also for cross-section dependence. In addition, the analysis thus far has made no consideration for the possibility of structural breaks. Hence, in what follows we apply the Hadri and Rao (2008) . This allows us to test for panel stationarity in the presence of an unknown break point that is endogenously determined for each individual country in the panel, and for the four models postulated in equations (3) to (6).
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The results reported in Table 3 indicate that all the multilateral real exchange rates under consideration exhibit evidence of a structural break. It is noticeable that the model specifications postulated in equations (1) and (2), for mean and trend stationarity, respectively, are never selected. The most favored functional form is that given in equation (6), which includes both intercept and linear trend terms, and permits a change in both the level and slope of the series. As to the timing of the breaks, the results reported in the third column indicate that for the 12 Euro members the break dates range from 1978 to 2001, with several breaks occurring during various stages of the 1990s. 9 In their study of PPP in the Eurozone, López and Papell (2007) also find that the process of convergence towards PPP begins prior to the creation of the single currency, following the currency crises of 8 The empirical results reported in the paper were implemented using the computer software RATS and are based on a GAUSS code which was kindly provided to the authors by Yao Rao. 9 We also considered the post 1988 period in order to take into account the rise and fall in the dollar in the early 1980s and the fact that central bank intervention fell continuously after 1988. This approach is consistent with the view that structural breaks are of such magnitude that may affect all individuals in the panel at the same time. Results not reported here confirm that the multilateral real exchange rates are mean stationary processes when considered as a panel, but only after allowing for the presence of cross-section dependence. This conclusion reflects the importance of accounting for the presence of structural breaks either exogenously or endogenously determined. We are grateful to an anonymous referee for raising this point.
1992 and 1993, the adoption of the Maastricht Treaty, and the official completion of the Single Market. Harris et al. (2005) , in testing a panel of US dollar real exchange rates for stationarity, find a predominance of break dates in 1980s. In our study, the presence of some breaks dates prior to the 1990s coincide with events such as the creation of the exchange rate mechanism in 1979 and the various exchange rate realignments that took place in the 1980s.
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The residuals from the chosen break-type model for each country can be used to construct the KPSS statistics. These in turn can be used as in equation (8) to compute the Hadri and Rao (2008) panel stationarity test. As can be seen in Table 4 , we are unable to reject the joint null hypothesis of panel stationarity, independently of the method used to select the optimal lag length of the autoregressive processes in (7). This finding is in sharp contrast to Harris et al. (2005) who reject the null of joint stationarity and conclude that long-run PPP does not hold. The only exception to this in our study is in the case of the panel comprising the 11 non-EU countries when the GETS procedure is employed. It is worth noting that if we wrongly assume cross-sectional independence among the countries in the panel, and use the standard normal distribution for the purposes of inference, then the null hypothesis of panel stationarity is clearly rejected for the panels comprising all 26 countries and the 11 Non-EU countries when using the GETS procedure. This finding highlights the importance of allowing for the possibility of potential cross-sectional dependencies among the individual countries in the panel. While we offer evidence of long-run PPP, it should be noted that it is evidence that is consistent with quasi PPP insofar as the results are conditioned against models with changing constants and/or trends. These statistical models are inconsistent with traditional approaches to PPP because economic factors have most likely driven changes in the equilibrium real exchange rates and these subsequent breaks need to be accounted for. It is well known that in the case of a simple AR(1) process, the estimated value of the autoregressive coefficient, say θ , can be used to calculate the approximate half-life of a shock to the dependent variable using the formula ( ) ( ) ln 2 ln θ − . However, for more complicated processes this formula is no longer valid. This provides a case for the preferred use of impulse response functions, as recommended for example by Goldberg and Verboven (2005) , footnote 11. For the specific purpose of this paper, we consider the generalized impulse response (GIR) functions developed by Pesaran and Shin (1998) . GIR functions offer the advantage of being invariant to the way shocks in the underlying VAR model are orthogonalised, and therefore provide an important extension to the traditional impulse response analysis, which has been found to be sensitive to the ordering of the variables in the VAR; see for example Lütkepohl (2005) .
For the specification of the VAR model, an important initial stage in the analysis is the selection of the optimal lag length, which involves selecting an order high enough such that one can be reasonably confident that the optimal order will not exceed it. In the case of the present application we set 4 lags as the maximum order of the VAR model, and use both the SIC or Akaike Information Criterion (AIC) to select the optimal order of the models. The optimal order of the VAR model is one and four lags using the SIC and the AIC, respectively. The associated generalized impulse responses plot the time profile of the effect of an own unit shock in the real exchange rate of a country, measured by one standard deviation. Then, the resulting statistically significant lag weights for each country are normalized so that they add up to one, and the half-life is calculated as the number of quarters required for 50 per cent (or the first half) of the adjustment to take place.
The results, reported in Table 5 , indicate that the estimated half life to own shocks is considerably less than the typical half lives computed in previous studies. For example, using a VAR(4) model based on the AIC, the half lives vary from 9 quarters in the case of Ireland down to 1 quarter in the case of Australia, with an average half life over the 26 countries of 4 quarters. Our finding of a comparatively short half life is confirmed if instead we use a VAR(1) model based on the SIC. The relatively quick rate of adjustment has resulted from removing the broken-time deterministic trends from the underlying series.
Indeed, these findings are consistent with the literature on structural breaks and unit root testing that goes back to Perron (1989) and others insofar as the presence of breaks in the data can induce spurious non-stationarity and longer times for mean reversion. This includes Hegwood and Papell (1998) who use six bilateral real exchange rates for industrialized countries over a substantially longer study period, and find substantially shorter half-lives for deviations from PPP once structural breaks are accounted for. 
Concluding remarks
This paper examines panel data evidence on real exchange rate stationarity and long-run PPP for twenty six OECD countries. In doing so, we have applied a testing procedure which collectively enables us to address problems associated with identifying individual stationarity within the panel, cross-sectional dependency, as well as structural breaks in the data. The standard tests that have been applied in the literature are of a joint non-stationary null, the rejection of which may be attributable to the stationary behavior of as little as one panel member. In sharp contrast to this approach, we employ the Hadri and Rao (2008) test based on the null hypothesis of joint stationarity. This approach also enables us to address problems that have bedeviled earlier panel data studies of PPP: the possibility of structural breaks in the data as well as cross-sectional dependence among panel members. We address the latter problem through pursuing an AR bootstrap approach to the Hadri and Rao test.
Our empirical analysis starts off by applying the KPSS test of univariate stationarity as well as the Hadri test of panel stationarity, both of which support the view that not all the real exchange rates under consideration are mean stationary. However, once the latter is extended along the lines of Hadri and Rao, so that allowance is made for the potential effect of cross-sectional dependencies and endogenously-determined breaks across the sample, the null hypothesis that the real exchange rates are jointly stationary in the long run is no longer rejected. This applies to the full sample of OECD countries as well as sub-groups based on Euro, EU and G7 membership. We therefore offer qualified support for those earlier panel studies of PPP that reject a joint null of non-stationarity because our results depend on a particular times series model that is restrictive on economic grounds. By allowing for structural breaks, however, we find that the half-life of a shock to long-run PPP is in fact much shorter than hitherto thought by much of the empirical literature that sidesteps issues associated with structural breaks. The p-values are bootstrap based on 2,000 replications.
